Abstract: Estimation of the genetic relatedness of traditional olive cultivars with genetic markers and phenotypic data enables progress in plant breeding, management of genetic resources, and protection of both breeders' rights and certified premium products. We used amplified fragment length polymorphisms (AFLPs), simple sequence repeats (SSRs), and quantitative and qualitative morphological traits, including characteristics recommended for variety registration, to study genetic diversity and relationships in the olive at different levels. The 14 varieties analyzed, which are used for the production of Protected Denomination of Origin extra-virgin olive oil, represent the most important cultivars in the Campania region of Italy and typify a regional diversity characteristic of traditional olive cultivation. The genetic distances obtained with the two DNA marker systems were significantly correlated, as were those obtained by quantitative and qualitative traits. A lower but significant correlation was also observed between distances based on molecular markers and quantitative traits, but qualitative traits, even if sampled in high numbers, failed to describe the pattern of molecular similarity. Our data imply that the type and the number of phenotypic traits scored can greatly influence the outcome of the analysis, and care should be taken when qualitative and quantitative data are combined. Furthermore, the data indicate that the two molecular marker systems are useful for investigating genetic relationships, but they may also be used to complement and assist the traditional registration of varieties. We propose that since the information provided by molecular and morphological marker systems in olive is different, they should serve different purposes.
Introduction
The olive (Olea europea L.) is characterized by wide genetic differentiation and a long history of cultivation, as it was one of the first species to be domesticated around the Mediterranean basin. Preservation, management, and breeding activities would greatly benefit from a detailed understanding of the genetic diversity within cultivars and traditional germplasm. This information could also be useful for determining the genetic basis of important traits, which is currently largely unknown. Moreover, in recent years, the correct identification of olive trees and their edible products has gained importance with the institution of EU PDO (Protected Denomination of Origin) and PGI (Protected Geographical Indication) trade names and the related legislation about food and feed traceability.
Genetic diversity and relationships between varieties can be evaluated by considering quantitatively inherited traits, monogenic traits, and molecular markers (Burstin and Charcosset 1997) . In the olive, several DNA-based molecular markers have been used to estimate genetic differentiation (Belaj et al. 2003) ; less frequently, molecular data have been compared to and integrated with phenotypic data (Rotondi et al. 2003; Ozkaya et al. 2006; Taamalli et al. 2006) . In countries that belong to the ''Union Internationale pour la Protection des Obtentions Végétales'' (UPOV), the registration, multiplication, certification, and commercialization of olive varieties rely on the evaluation of morpho-agronomic descriptors. These do not take into account continuous phenotypic variables, such as morpho-agronomic traits of economic importance, but include discrete phenotypic variables, such as multistate (e.g., leaf and fruit color, inflorescence structure) and binary variables (e.g., distribution of grooves on basal end of the stone). Besides being timeconsuming to acquire and necessarily assessed during fixed growing phases, phenotypic data are limited in discriminatory power and in the capacity to accurately measure relatedness and the level of genetic similarity (Barranco and Rallo 2000) . For calculations of relatedness and genetic similarity, all phenotypic data are usually combined, although it is expected that quantitative and qualitative traits have genetic bases that differ in their complexity and genomic extent (Linch and Walsh 1998) .
For the olive, different classes of molecular markers are available; simple sequence repeat (SSR) and amplified fragment length polymorphism (AFLP) markers have been used separately as well as in combination (Carriero et al. 2002; Cipriani et al. 2002; Belaj et al. 2003; Sanz-Cortes et al. 2003; Sensi et al. 2003; Owen et al. 2005; Sarri et al. 2006) , as they differ in the source of the sampled DNA polymorphisms (Rakoczy-Trojanowska and Bolibok 2004) . Comparisons of distances based on morphological and molecular data in different species indicate that these two approaches can lead to different classifications and can yield variable correlations (Burstin and Charcosset 1997; Russell et al. 2000; Roldán-Ruiz et al. 2001) . Such studies are available mainly for plant species for which good-quality pedigree data are available. In maize, high correlations have been found between estimates of relatedness based on pedigree data (coefficient of parentage), molecular markers, and morpho-physiological traits (Smith et al. 1997; Bernardo et al. 2000; Heckenberger et al. 2005) . Similar analyses of autogamous cereals (bread wheat, barley, and durum wheat) report much lower correlations, which are alternately attributed to the use of an insufficient number of markers, inaccurate pedigree information, and strong deviations from the assumptions that are relevant for the calculation of the coefficients of parentage in elite materials (Autrique et al. 1996; Russell et al. 2000; Maccaferri et al. 2007) . Little is known about olive and other clonally propagated trees and crops, with potato (wild, cultivated, and landraces) being an important exception (Spooner et al. 2005; Solis et al. 2007 ).
The main objective of this work was to investigate in the olive the relationships between estimates of genetic resemblances obtained with SSR and AFLP markers and those obtained from morphological descriptors and quantitative traits of agronomic relevance.
Materials and methods

Plant material and phenotypic analysis
Fourteen olive (Olea europea L.) cultivars ('Biancolilla', 'Cammarotana', 'Cornia', 'Femminella', 'Groia', 'Grossale', 'Ogliara', 'Ogliastro', 'Oliva Bianca', 'Pisciottana', 'Racioppa', 'Rotondella', 'Salella', and 'Sanginara') were selected as the most representative Campanian varieties included in the PDO legislation for the production of ''Olive Cilentane virgin olive oil.'' A characterization of the Campanian olive germplasm is presented in Rao et al. (2009) .
Morpho-physiological and biometric data of trees, branches, leaves, inflorescences, fruits, and stones were collected while following the UPOV guidelines for the conduct of tests for distinctness, homogeneity, and stability (DHS), which were partially modified (Barranco and Rallo 1984) . Most of the characters that were analyzed were incorporated in the protocol for olive DHS testing following UPOV directives; they include 35 binary or multistate traits and 10 quantitative variables. The full lists are reported in Tables S1 and S2, respectively. 2
Molecular analyses
For each variety, DNA was isolated from young leaves and AFLP markers were generated according to previously published procedures ), using 150 ng of genomic DNA for restriction reactions with MseI and EcoRI. The selective amplification reactions were performed with standard AFLP primers carrying 3 bases at the 3' end ( Table 1 ). The EcoRI+AAC primer was end-labelled with 33 P (Vos et al. 1995) , and amplification products were resolved with 6% denaturing polyacrylamide gel electrophoresis. Gels were vacuum-dried and exposed to Kodak X-ray films. Experiments were duplicated to verify the reproducibility of the AFLP patterns.
Six primer pairs, which amplified a total of 50 SSR alleles from different loci, were used for PCR amplification. The SSR loci (DCA 3, DCA 4, DCA 16, DCA 17, UD 31, and GAPU 47) represent various repeat classes (Sefc et al. 2000; Cipriani et al. 2002; Carriero et al. 2002) (Table S3) . 2 Reactions were performed as previously described (Caramante et al. 2009 ). Primer sequences and their specific annealing temperatures (T a ) are reported in Table S3 . Amplification conditions were as follows: 1 cycle of 94 8C for 5 min; 35 cycles of 94 8C for 30 s, T a for 30 s, and 72 8C for 60 s; and a final cycle of 72 8C for 5 min. For allelic discrimination, fluorescent fragments were resolved by capillary electrophoresis and detected in an ABI PRISM 3100-Avant (Applied Biosystems) system using the POP4 polymer (Applied Biosystems). Signal peak height and allele sizes were calculated as previously reported (Melchiade et al. 2007 ).
Data analysis
Molecular data
Assuming that the presence of an AFLP band represents both genotypes AA and Aa, if allele A has a frequency p = 1 -q (and allele a has frequency q = 1 -p), then the frequency of the genotype aa is q 2 = 1 -frequency of band present. Therefore, the average allele frequency for a primer pair was calculated as the arithmetic average of q i = H(frequency of absence), where i represents a band. For each AFLP primer pair, we calculated (i) the percentage of polymorphic loci found in a reaction, (ii) the number of effective alleles (N e ) as 1/(p i 2 + q i 2 ), and (iii) Nei's average gene diversity per locus (Nei 1973) , which for an AFLP marker is equivalent to the average expected heterozygosity (H e ) and the polymorphism information content (PIC), i.e., H = H e = PIC = [S(1 -p i 2 -q i 2 )]/n, where p i and q i are the frequencies of the presence and absence of alleles at locus i, respectively, and n is the number of loci examined. Genetic similarity (GS) between units i and j was calculated using the Jaccard coefficient, GS ij = a/(n -d), where a is the number of matching present bands, n is the total number of bands, and d is the number of matching absent bands (Jaccard 1908 ). An unrooted dendrogram was constructed with the neighbour-joining (NJ) algorithm, and support for nodes was assessed with a bootstrap analysis (1000 cycles).
For each SSR, we calculated the number of effective alleles, N e = 1/Sp i 2 ; the observed heterozygosity, H o = number of heterozygotes / number of samples; the polymorphism information content (equivalent to the expected heterozygosity, H e ), PIC = H e = 1 -Sp i 2 , where p i is the frequency of the ith allele at a locus; the fixation index (Hartl and Clark 1997) ; the probability of identity (Paetkau et al. 1995) ; and the estimated frequency of null alleles (Brookfield 1996) . Similarity between samples was calculated using the Jaccard coefficient. Distances were used to construct a dendrogram using the NJ method. The reliability of the inferred tree was tested by a bootstrap technique (1000 resamplings).
Dissimilarity matrices were estimated from the same set of units using two different molecular marker systems. To calculate the sum of the dissimilarity matrices term by term, we used a weighted approach to take into account the different numbers of variables analyzed to calculate each matrix. The GS matrices were summed after multiplying each matrix by a weighting factor (the relative proportion of the number of units assayed per marker). The same weighted sum was calculated on each bootstrap matrix for resampling support of tree branching.
Calculations were performed by DARwin (Perrier et al. 2003) , GenAlEx (Peakall and Smouse 2006) , and NTSYSpc v. 2.1 software (Rohlf 1998) .
Phenotypic data
For quantitative variables, the dissimilarity coefficients between cultivars were computed using squared Euclidean distances after standardization of the data matrix. To calculate the standardized value Z ij for the ith attribute and jth object, we subtracted the mean of the values of the ith attribute from the corresponding value X ij in the data matrix and divided the result by the standard deviation of the values of the ith attribute.
For qualitative traits, multistate characters were first transformed by a special coding in dummy binary attributes (Romesburg 2004) . For this reason, we used the Jaccard coefficient to calculate distances.
To measure distances between cultivars on the basis of all traits (dichotomous, multistate, and quantitative), we used Gower's approach (Gower 1971) . Dissimilarity between units i and j was calculated according to
where K is the total number of attributes, X ki and X kj are the values of variable k for units i and j, and (X max -X min ) is the range for variable k. Note that Gower's and Jaccard's distances are equivalent in the case of presence-absence markers.
On the basis of each distance matrix, plant varieties were clustered by the unweighted pair-group method with arithmetic averages (UPGMA). A cophenetic value matrix (Sneath and Sokal 1973) of the UPGMA clustering was also used to test for the goodness-of-fit of the clustering to the resemblance matrix on which it was based by computing the product-moment correlation coefficient (r) with 1000 permutations (Mantel 1967) . These analyses were conducted using the NTSYSpc v. 2.1 package (Rohlf 1998) .
Concordance tests among data
For each separate data set, parallel matrices were used to make pairwise distance matrices. Pairwise comparison of distance matrices from independent data was performed in NTSYSpc with the Mantel test with 1000 permutations. Comparison of cophenetic (ultrametric) matrices was possible between matrices obtained with the same clustering algorithm. The test statistic varies from 0 (no correspondence) to 1 (total correspondence).
Results
Molecular analysis
The AFLP primer pairs yielded a total of 871 scorable fragments, of which 647 were polymorphic ( Table 1 ). The percentage of polymorphic bands and PIC, averaging 74.31% and 0.23, respectively, varied slightly across primers and were not correlated with the total number of bands (not shown). To investigate the information specificity yielded by each primer pair, we also evaluated correlations of the genetic similarity estimates obtained from each pair with the genetic similarity obtained from all the remaining pairs. These values ranged from 0.27 to 0.74, indicating that the redundancy of information content in the selected AFLP primers is primer-specific. This result was also supported by a principal component analysis, which indicated a lack of clustering of primer pairs for the first 3 components (not shown). The average genetic distance was 0.36 ± 0.05 (mean ± SD) and each cultivar could be clearly distinguished from the others. Figure 1A shows the NJ dendrogram of the 14 cultivars with bootstrap values. SSR molecular fingerprinting was carried out by targeting 6 previously described loci (DCA 3, DCA 4, DCA 16, DCA 17, UD 31, and GAPU 47; Sefc et al. 2000; Cipriani et al. 2002; Carriero et al. 2002) . A high level of polymorphism was detected at all loci. A total of 50 different alleles were scored, with an average of 8.33 alleles per locus. The number of effective alleles (around 65% of the total) was high and, as expected, strongly related to the number of alleles per locus (r 2 = 0.89, p = 0.004). The high level of polymorphism at our SSR loci is also shown by the allele frequency, which averaged 13% and ranged from 43% for one allele of the GAPU 47 locus to 3.5% for 4 alleles of DCA 16 and 5 alleles of DCA 17. The data showed that the selected SSRs were useful for depicting the presence of a good level of diversity in the analyzed population, as the average genetic distance was 0.82 ± 0.12 (mean ± SD). Additionally, none of the fixation index values was considerably positive, implying the absence of undetected null alleles, with the possible exception of GAPU 47. However, estimation of null allele frequency from the heterozygote deficiency indicated a very low probability (Table 2) .
Genetic distances based on SSR data were used to build a tree (Fig. 1B) . Bootstrap support of nodes was, on average, lower than that for AFLP, which may be partly due to the lower number of data points provided by the SSR system.
The correlation of genetic distances obtained from the two DNA marker systems was significant, but the relationship at the tree level was slightly lower (Table 3) . Therefore, rather than simply adding the data, considering that the AFLP assay intrinsically yields more variables than the SSR system, we combined genetic distances after weighting the contribution of each marker system. Figure 1C shows the NJ tree that was obtained from all of the molecular data. Higher bootstrap values indicate an increased robustness of the inferred tree when both types of molecular markers are used.
Phenotypic analysis
All cultivars were morphologically distinct according to the UPOV guidelines. The calculation of genetic distance based on binary or multistate characters was performed using 35 variables. Figure 2 shows the UPGMA cluster of the 14 olive cultivars. There is sufficient variability to discriminate all varieties, but contrary to the clusters based on molecular data, the dendrogram based on qualitative data failed to identify clear structures, such as the close relationship between 'Ogliara' and 'Groia'. Indeed, the correlation of genetic distances based on qualitative data and distances based on either AFLP or SSR data was not significant (Table 3) .
Analysis of variance revealed that all varieties differ from each other in one or more of the individual quantitative character traits that were scored (not shown). We then used principal component analysis on the variables to find highly correlated attributes, as correlated characters may be seen as surrogates. Their inclusion in a data matrix for the estimation of genetic distance can be considered a form of multiple counting of an underlying variable. The first 3 components had eigenvalues of 3.64, 2.43, and 1.61, respectively. These components encompass 76.94% of the total variance. Fig. S1 shows the component plot of PC1 and PC2 in a rotated space. 2 Although some variables were significantly correlated, none had an r 2 higher than 0.8; Bartlett's test of sphericity, which tests whether the correlation matrix is an identity matrix, was significant at p < 0.01. After standardizing the quantitative data, we estimated genetic distances by calculating squared Euclidean distances. Figure 2B shows the UPGMA dendrogram.
The correlation of the distances based on qualitative and quantitative variables was weak, yet significant, and lower than that observed with the two molecular data sets (Table 3) . However, the phenotypic data yielded 2 unrelated clustering patterns of cultivars, as indicated by a nonsignificant cophenetic correlation (Table 3) . Furthermore, a comparison of the genetic distances calculated with quantitative traits and those based on either AFLP or SSR data indicated the presence of a significant correlation only with the AFLPbased distances.
Data reported in Table 3 were used for a cluster analysis to identify possible homogeneous subgroups of markers. As shown in Fig. 3 , molecular and morphological markers fell in 2 different clusters, and the AFLP and SSR cluster had a higher similarity than the one based on quantitative and qualitative traits. For the combined analysis of all phenotypic data, we used Gower's general dissimilarity coefficient (Gower 1971) , which ranges from 1 to 0. Genetic distance was calculated for all binary, multistate, and quantitative variables. The average distance was 0.33 ± 0.04 (mean ± SD). Figure 2C shows the UPGMA clustering based on all phenotypic data; this tree, like the one based on qualitative data ( Fig. 2A) , failed to identify structures evidenced by both molecular marker systems.
Finally, we evaluated the correlation between the phenotypic and molecular (AFLP and SSR) data. We did not find Note: N a , number of alleles; N e , number of effective alleles; H o , observed heterozygosity; PIC, polymorphism information content; F, fixation index; PI, probability of identity; EFNA, estimated frequency of null alleles. a statistically significant value, most likely because of the over-representation of qualitative variables in the calculation of the Gower distance. Furthermore, the scatterplot of the phenotypic vs. AFLP or SSR distances did not show a good correspondence at low distances (i.e., with highly related cultivars). In this respect, cultivar pairs with medium to high molecular distances showed a similar range of phenotypic distances (not shown).
Discussion
In cultivated olive trees, vegetative propagation transmits the genome without any genetic recombination. Therefore, we investigated the possible association between neutral molecular markers and putative loci involved in morphological characters by comparing genetic distances. To this end we used AFLP, SSR, qualitative, and quantitative markers to characterize 14 Italian olive cultivars. The material analysed is representative of a regional diversity that is characteristic of traditional olive cultivation. As the varieties are used for the production of PDO extra-virgin olive oil, they also typify the kind of diversity encountered by local authorities conducting registration tests for the institution of premium designations.
All marker systems detected polymorphisms that were sufficient for the discrimination of all cultivars (Besnard et al. 2001; Montemurro et al. 2005; Baldoni et al. 2006) . AFLP-and SSR-based genetic distances were related, suggesting that these two molecular methods sampled similar genetic information. Differences between these two marker systems (e.g., the higher level of polymorphism and the larger H e detected by SSR) reflect the intrinsic features of the molecular assays (Powell et al. 1996; Belaj et al. 2003) . It is known that the use of a larger number of polymorphic bands provides the investigator with increasingly more precise estimates of genetic relationships (Tivang et al. 1994) ; however, our data indicate that there is a large variation in the redundancy of information content of AFLP primer pairs, even while they differ little in their PIC. This result may explain why the addition of highly polymorphic SSR markers increases the reliability of relationship inference based on a high number of AFLP bands.
While AFLP and SSR markers revealed similar genetic variability and hierarchical clustering of olive cultivars, little agreement was noted between molecular and morphological methods. Our data confirm that phenotypic characteristics are not as informative as DNA markers in depicting genetic relationships, even when numerous traits are sampled. Pre- Fig. 2 . Dendrograms (UPGMA algorithm) of olive varieties based on genetic distances calculated using qualitative (A), quantitative (B), and both qualitative and quantitative morphological data (C). Distances were obtained using the Jaccard coefficient for qualitative data, squared Euclidean distances after standardization for quantitative traits, and the Gower coefficient for both qualitative and quantitative traits. A cophenetic value matrix of the UPGMA clustering was also used to test for goodness-of-fit of the clustering to the similarity matrix on which it was based by computing the product-moment correlation coefficient (r) with 1000 permutations. Fig. 3 . Dendrogram of the markers employed in this study. Correlations between distance matrices were used to perform the UP-GMA clustering algorithm. A cophenetic value matrix of the UPGMA clustering was also used to test for goodness-of-fit of the clustering to the similarity matrix on which it was based by computing the product-moment correlation coefficient (r) with 1000 permutations.
vious studies of different plant species, using a lower number of morphological traits, discussed the possibility that a higher number of phenotypic markers could yield a better representation of genetic distances (Rebourg et al. 2001; Heckenberger et al. 2005; Maccaferri et al. 2007 ).
For cultivated plants, the discordance between morphological and molecular diversity may result from similar selection pressure, which leads to similar forms with different genetic backgrounds. Owing to the very scarce genomic information that is available for the olive, it is very difficult to predict how many genes are involved in the morphological characters that we analyzed. Most of these traits are qualitative and therefore expected to be under monogenic or oligogenic control (Linch and Walsh 1998) . Furthermore, some of them (e.g., those related to the color of vegetative organs) could be controlled, at least partially, by the same set of genes. Conversely, quantitative traits have a more complex genetic base, as they are governed by multiple genes and their interactions (Linch and Walsh 1998) . A similar distinction can be made between SSR and AFLP markers. The SSR primer pairs scanned 6 independent genomic regions, while the AFLP markers probed a much wider genomic area. Thus, there could be some correspondence between AFLP and quantitative traits and despite the influence of the environment, the analysis of quantitative traits could provide a better representation of genetic distance than the analysis of qualitative traits (Burstin and Charcosset 1997) . In the future, it will also be interesting to use different types of DNA markers to assess how they reflect morphological diversity (Ferriol et al. 2003; Reale et al. 2006) .
Other comparisons of genetic distances based on morphological and molecular data have also indicated that these two methods may lead to variable and often low correlations (Bar-Hen et al. 1995; Burstin and Charcosset 1997; Russell et al. 2000; Roldán-Ruiz et al. 2001; Spooner et al. 2005) . Our data imply that the type and the number of phenotypic traits scored can greatly influence the outcome of the analysis, especially when qualitative and quantitative data are combined. A high similarity of molecular and morphological relationships is expected if there is little effect of the environment on a restricted gene pool (Roldán-Ruiz et al. 2001) . In cereals, low DNA marker distances are associated with low phenotypic distances, especially for pairs of related lines; unrelated materials have higher molecular distances that are associated with a large range of phenotypic distances, resulting in a ''triangular'' relationship between morphological and molecular information (Burstin and Charcosset 1997; Rebourg et al. 2001; Maccaferri et al. 2007) . Hence, the lack of a ''triangular'' relationship in our data could be considered indirect evidence of the large DNA diversity and the high level of heterozygosity in the olive (these features are also typical of other clonally propagated plants). This suggestion is supported by the fact that we detected a very high average number of alleles per SSR locus.
Conclusions
Studies of the relationship between molecular and phenotypic distances have considerable implications for germplasm conservation and management, in addition to being useful for the evaluation of genetic resemblances. Our data indicate that morphological markers based on widely used descriptors provide different information than molecular ones and may be used for different purposes. An implication of our results is that in the olive, in contrast to some cereals, the phenotype of a given variety cannot be inferred even if that variety displays a significant similarity at the DNA marker level with a previously characterized material (Nuel et al. 2001) . Correspondingly, the assignment of trees to a variety based exclusively on morphological similarity could easily increase intravarietal diversity (Elias et al. 2001 ), a phenomenon that could be partly responsible for the reported diffused intra-cultivar genetic variability of the olive ). Finally, among a set of olive varieties with similar phenotypes, genome-wide DNA marker analysis is still probably necessary to identify materials that share similar alleles and (or) QTL.
Morphological and other field measurements are perhaps irreplaceable for the description of local or neglected olive cultivars, because their use does not require sophisticated technologies or a specialized workforce and some of them are of clear agronomic importance. For the traditional classification of olive trees, the combination of molecular and morphological data is probably necessary only to separate closely related accessions of a variety, to solve distinction problems, and for clonal selection (Sensi et al. 2003; Ozkaya et al. 2006; Omrani-Sabbaghi et al. 2007; Cantini et al. 2008) . Finally, since vegetatively propagated species have been poorly studied, especially those cultivated in traditional farming systems, this study also helps us understand the resemblance between the morphological and molecular diversity of this kind of trees and crops.
